OF digestive enzymes by the pancreas, as well as the secretion of a wide variety of other organic molecules from cells which contain secretory granules, is thought to occur by a unidirectional, essentially irreversible process. This process involves the immediate isolation of newly synthesized secretory product within a membrane barrier until its secretion via an exocytotic mechanism (9). During the past 20 yr, a variety of observations and experiments, particularly on the pancreas, has been reported suggesting that this mechanism may not be the only route for secretion of enzymes (11). There is evidence in the literature which suggests that an alternative route may involve the transport of protein from cytoplasm to duct lumen across the cell membrane (12, 13). The purpose of the present study was to determine whether or not an enzyme-specific transport capability exists across the cell membrane.
We have recently published experiments which suggest that such a specific enzyme transport may occur across the membrane of secretory granules (5).
METHODS
New Zealand white rabbits weighing between 1.5 and 2.0 kg and fasted for 24-48 h prior to experimentation were anesthetized with 0.7 ml/kg body wt Dial with urethan (Ciba, Summit, N.J.). The pancreas was removed along with its adjacent intestine, stripped from the mesentery, washed in an ice-cold bicarbonate Krebs-Ringer (K-R) solution (containing 0.2 % n-glucose), and then sliced with a razor blade in a chamber specially designed to produce slices not greater than 0.2 mm thick. Tissue slices (totaling approximately 1 g) were then preincubated in 20 ml of K-R solution with 1 mg/ml (4 X 10m5 M) a-chymotrypsinogen (bovine) (Calbiochem grade A salt free) at 37°C for 20-30 min. The strips were approximately 1 cm in length and weighed between 100-200 mg. After preincubation, 5 ml of K-R solution containing 64 &i/ml chymotrypsinogen-3H (prepared by gas exchange tritiation, specific activity 64 pCi/mg (Worthington Biochem)) and ~10 pCi/ml albumin-1311 (Abbott human serum, original specific activity 500 pCi/mg) were added to the bath. Samples were continuously gassed with 95 % 02 and 5 % COZ. Slices were removed from the bath at specified time intervals, washed in 10 ml of ice-cold K-R solution (two 15-s washes for wholetissue experiments and four 30-s washes in the fractionation experiments), blotted on filter paper, and then weighed. Slices were immediately homogenized in 0.3 M sucrose solution (pH 5.5, 1: 10 w/v) using a motorized Teflon pestle (25 % ground glass reinforced) with 0.11-O. 13 mm clearance. Five short and two long shearing strokes at 4,000 rpm (unloaded) were used keeping the mortar in ice water. Samples not to undergo differential centrifugation were diluted in 0.1 M sodium phosphate buffer, pH 7.4, and aliquots taken for analysis of 3H and 1311, protein, and chymotryptic activity. The homogenate was fractionated using differential centrifugation (1, 12, 14) . A 760 X g,, (10 min) sediment containing nuclei and whole cells was discarded.
The 1,000 X gav (10 min) pellet was washed (760 and 1,000 )( g) and contains primarily zymogen granules. The supernatant was spun at 20,000 X g (30 min) and the derived pellet, washed at 8,000 and 20,000 X g, is called the mitochondrial fraction. The original 20,000 X g,, supernatant
was then centrifuged at 100,000 X g (60 min), the microsomes collected as the sediment, and the postmicrosomal supernatant retained. The various fractions were resuspended in 05.1 M sodium phosphate buffer, pH 7.4. The presence of chymotrypsinogen(s) was estimated, after activation with purified enteropeptidase, using ATEe as the substrate. The reaction mixture contained 0.5 ml of 40 mg purified enteropeptidase (EC 3.4.4.8) (Calbiochem grade B) per 100 ml 0.1 M sodium phosphate buffer (pH 7.4) and the sample (brought to a final volume of 1.5 ml with phosphate buffer). The concen-tration of enteropeptidase used produced maximum activation for chymotrypsinogen within a 30-min incubation period at 37°C. After incubation, the mixture was added to 3.0 ml 0.008 M ATEe in 30 % methanol and initial reaction velocities determined at 25 "C. Enzyme determinations were made from aliquots frozen on the day of the experiment. The activity was unchanged by freezing. Samples for activity measurements were in the range of 0.1-4.5 mg protein. This gave a final protein concentration in the reaction vessel of always less than 1.0 mg/ml of fluid. Protein was determined using the Folin-phenol reagent (7). Samples were prepared for counting by solubilizing an aliquot (0.3-l .O ml) in at least 2 times its volume of Biosolve (minimally, 1 ml) (BBS-3, Beckman Instrument Co.) and then adding 20 ml of toluene containing a mixture of fluors (Beckman Fluoralloy TLA). These samples were counted by liquid scintillation spectroscopy for 3H and p spectrum of 1311. Quench did not vary significantly among samples or between samples and bathing medium allowing for the direct comparison of counts per minute between samples. Albumin-1311 (RISA) was used to estimate the extracellular space occupied by chymotrypsinogen and chymotrypsinogen-3H uptake was corrected for this extracellular distribution using the calculated albumin space. The appropriateness of using albumin to determine chymotrypsinogen space was examined by comparing it to sucrose-14C space. Albumin, with a molecular weight of approximately 64,000 and a larger major axis, would be expected to have a slightly smaller space than chymotrypsinogen.
Sucrose, a considerably smaller molecule but a molecule which is still in great part excluded from the cell, in the short run at least, can be used to estimate an upper limit for chymotrypsinogen space. The RISA space (for 30-min incubations) was found to be 75% (& 3% SEM, n = 9) of the sucrose space. Therefore, chymotrypsinogen space is no more than 33 % larger than albumin space and in all likelihood is very similar to the stimate for albumin space.
RESULTS
Chymotryfsinogen entry into cells. Tissue slices incubated for 30 min at 37 "C showed selective uptake of bovine chymotrypsinogen-3H relative to human albumin-1311. Ratios of 3.0: 1 were observed without any rinse (Table 1) . If albumin were predominantly unbound and in the extracellular space and if chymotrypsinogen-3H were in part "tightly associated" with the tissue, then the ratio would be greatly increased by washes. Two 30-s washes in ice-cold K-R solution increased the ratio to 7.8 : 1 and four 30-s washes increased it to 17.0: 1 (Table  1) . Furthermore, most (about s) of the chymotrypsinogen remained associated with the tissue, whereas most (about x0) of the albumin was lost by washing ( Table 2) .
The selective association of 3H can be explained in three ways: 1) chymotrypsinogen binds to the cell surface or to elements in extracellular space; 2) 3H dissociates from the chymotrypsinogen (either as a free radical or as a smaller molecule, such as an amino acid) and, either due to its larger space of distribution or to selective uptake, is concentrated in tissue relative to albumin; or 3) chymotrypsinogen-3H enters the cells. To reduce the effect of surface (Fig. 1) .
In order to investigate the rate of chymotrypsinogen entry into different intracellular pools, tissue was incubated in solutions containing labeled chymotrypsinogen (4 X 1 lH5 M) for 5 or 60 min and then zymogen granule (ZG), light mitochondrial (M), microsomal (RER), and postmicrosomal supernatant (PMS) fractions were separated after homogenization.
Specific radioactivity (SRA) (cpm/ng protein) was highest in the zymogen granule fraction and lowest in the postmicrosomal supernatant and microsomes (for 5 min ( Fig. 2A ) and 60 min (Fig. 2B) incubations) , showing that the distribution of label follows the same general pattern as the distribution of endogenous intracellular chymotrypsinogen (Fig. 3) . Another approach to determine pool equilibration is to examine the approach to equilibrium between intracellular chymotrypsinogen and bath chymotrypsinogen. This is shown in Fig. 4A and B by comparing counts per minute exogenous bovine ar-chymotrypsinogen-3H per mmol ATEe split per minute (chymotryptic activity) in different pools to bath SRA in the same terms. Enteropeptidase " activatable" chymotryptic activity is an estimate of both exogenous and endogenous chymotrypsinogen, whereas bath activity represents exogenous enzyme almost exclusively. The approach of the specific radioactivity of an intracellular pool toward bath SRA connotes isotopic equilibrium.
As shown in Fig.  4A , after 5 min incubation, the SRA of the PMS is significantly greater than that of the ZG (P < 0.05) and both are significantly higher than either the mitochondrial or microsomal fractions (P < 0.001). thesized enzyme, giving a false picture of disequilibrium). By 60 min no significant difference was observed between PMS and ZG SRA and both approximated bath SRA (Fig.  4B) . The difference in the rate of approach to equilibrium 1" A is for 5 min incubations and B for 60 min.
between PMS and ZG can best be seen by comparing the ratio of specific radioactivities (enzymatic) between ZG/ PMS for 5-versus 60-min incubations for individual samples ((ZGPMS) 60 ,J(ZG/PMS) 5 min = 4.1; (ZG/PMS) 60 min > (ZG/PMS)s min, P < 0.01)).
DISCUSSION
There are a number of observations in the literature which suggest that a cytoplasmic enzyme pool may be a direct source of secretion. These observations include: I) a high percentage of certain enzymes in some species in the PMS portion of tissue homogenates (1, 3), 2) certain newly labeled enzymes in the PMS as a distinct early peak (4, 8), 3) continued stimulated secretion of proteins in the near absence of granules (6; unpublished observations), and 4) selective enzyme secretion elicited by pancreozymin accompanied by complementary changes in the enzyme content of the PMS with no changes observed in the zymogen granules during the initial response phase ( 12). Our recent studies with zymogen granules in vitro suggested that zymogen granule membranes do not necessarily present an absolute barrier to the movement of individual proteins (5). This view indicates that membrane transport may exist for digestive enzyme between granule contents and cytoplasm, although direct in situ proof was lacking. The present studies not only provide this evidence but demonstrate I) a finite and specific permeability of another membrane, the cell membrane, to digestive enzymes; 2) the entrance of exogenous enzyme directly into the cytoplasm and from there into the zymogen granules apparently across granule membrane; and 3) a large-capacity cell membrane transport process for enzyme (~1% of cell protein exchanged per hour).
The time course of association of exogenous enzyme with the tissue slices,is relatively slow and consistent with a transport process. The lack of a significant cold chymotrypsinogen chase effect suggests that uptake could not be mediated by a freely exchanging surface-binding site and furthermore it would require a very slow binding reaction. Clearly if surface binding were responsible for uptake, concentration into a purely intracellular compartment (zymogen granules) could not result. Also, if exchange did not occur between endogenous intracellular enzyme and the exogenous pool then, of course, the endogenous pool would remain intact and total pool equilibration with the bath could not possibly occur. Since pool equilibration does occur, exogenous and endogenous enzyme behave similarly and mix, in certain intracellular pools.
The initial rate of exogenous bovine (Y -chymotrypsinogen-3H entry into the tissue diminished after 5-30 min of incubation. At 5 min, entry into the cytoplasmic pool (PMS of homogenates) was at approximately 40% of equilibrium (bath) SRA, while movement into zymogen granules occurred more slowly (25 % of equilibrium SRA), and microsomal equilibration was very slow (4 % of equilibrium SRA). Hence, movement of exogenous enzyme into the zymogen granule fraction was most probably via the cytoplasm rather than directly via reverse exocytosis (endocytosis), because of the slower time course of label entry into zymogen granules relative to the cytoplasm.
Furthermore, the 3H/1311 ratio is by far the highest in the granule fraction (~150: 1) requiring the virtual exclusion of albumin which is not likely to occur by such a mechanism.
The 40 % equilibration of the cytoplasmic pool with exogenous enzyme in 5 min and essentially complete equilibration of both cytoplasmic and granule pools in an hour suggests that these pools must have exchanged a number of times with the bath or exogenous enzyme in order to dilute out endogenous enzyme. Furthermore, exogenous entry into these pools must be considerably more than endogenous entry from synthesis since the pool/bath SRA ratio + 1 (therefore endogenous flux/exogenous flux -+ 0). Equilibration, therefore, indicates that this route is of significant physiological proportion as determined by a rapid exchange time and a low endogenous flux relative to the exogenous flux.
When the initial rate of chymotrypsinogen uptake (approximately 25 mg chymotrypsinogen per gram tissue protein per hour) is compared to the basal rate of secretion from an in vitro pancreas (of the order of 5 mg) the observed uptake rate is clearly of considerable magnitude relative to the "physiological" process. Chymotrypsinogen comprises only a portion of the total secreted protein, and the unstimulated uptake rate of chymotrypsinogen in the presence of 4 X lOA M chymotrypsinogen is actually of a comparable order of magnitude to the maximally stimulated secretion of this enzyme (~50 mg chymotrypsinogen per gram tissue protein per hour).
As shown here the cytoplasmic pool equilibrated most rapidly with labeled exogenous enzyme and in other experi-
